Aptamers are nucleic acid-based reagents that bind to target molecules with high affinity and specificity. However, methods for generating aptamers from random combinatorial libraries (e.g., systematic evolution of ligands by exponential enrichment (SELEX)) are often laborintensive and time-consuming. Recent studies suggest that microfluidic SELEX (M-SELEX) technology can accelerate aptamer isolation by enabling highly stringent selection conditions through the use of very small amounts of target molecules. We present here an alternative M-SELEX method, which employs a disposable microfluidic chip to rapidly generate aptamers with high affinity and specificity. The micromagnetic separation (MMS) chip integrates microfabricated ferromagnetic structures to reproducibly generate large magnetic field gradients within its microchannel that efficiently trap magnetic bead-bound aptamers. Operation of the MMS device is facile and robust and demonstrates high recovery of the beads (99.5%), such that picomolar amounts of target molecule can be used. Importantly, the device demonstrates exceptional separation efficiency in removing weakly bound and unbound ssDNA to rapidly enrich target-specific aptamers. As a model, we demonstrate here the generation of DNA aptamers against streptavidin in three rounds of positive selection. We further enhanced the specificity of the selected aptamers via a round of negative selection in the same device against bovine serum albumin (BSA). The resulting aptamers displayed dissociation constants ranging from 25 to 65 nM for streptavidin and negligible affinity for BSA. Since a wide spectrum of molecular targets can be readily conjugated to magnetic beads, MMS-based SELEX provides a general platform for rapid generation of specific aptamers.
with high affinity and specificity. Compared to traditional affinity reagents (e.g., monoclonal antibodies), aptamers can be advantageous because they can be chemically synthesized, are thermostable, and undergo reversible denaturation and the selection process is not limited by immunogenicity of the target molecule within a given host organism. [13] [14] [15] The general method of isolating aptamers from a library of random nucleic acid molecules, systematic evolution of ligands by exponential enrichment (SEL-EX), involves an iterative process of nucleic acid binding, separation, and amplification. Usually, multiple rounds of selection (typically 8-15 rounds) are necessary in order to isolate aptamers with sufficient affinity and specificity, requiring significant time and labor. 16, 17 A variety of advanced separation techniques have been employed to increase the efficiency and throughput of aptamer isolation, including flow cytometry, 18, 19 surface plasmon resonance (SPR), 20 and capillary electrophoresis (CE). [21] [22] [23] In particular, CEbased separation methods have shown remarkable selection efficiencies for protein targets; aptamers with K d in the low nanomolar range have been isolated after a few selection rounds (∼1-4). [21] [22] [23] However, these methods require sufficient change in the electrophoretic mobility upon binding, and thus they are less effective for classes of targets that do not produce such a mobility shift (e.g., small molecules and cell surface markers). Recently, our group described the theoretical advantages of utilizing microfluidics technology for SELEX, demonstrating single-round isolation of DNA aptamers against the light chain of recombinant botulinum neurotoxin type A via magnetic separation in the continuous-flow magnetic activated chip-based separation (CMACS) device. 24 This microfluidic SELEX (M-SELEX) method provides a universal and automatable approach to rapidly generate aptamers and exploited a number of unique phenomena that occur at the microscale to achieve exceptional selection efficiencies. First, the embedded ferromagnetic structures within the microchannel enabled precise and reproducible generation of local magnetic field gradients which allowed the manipulation of a small number of magnetic beads. Second, the implementation of a multistream, laminar-flow fluidic architecture enabled high purity separation by ensuring that the unbound DNA molecules do not diffuse into the collection port. However, the use of the CMACS device suffered from a number of practical disadvantages. For example, the presence of microbubbles distorted the flow streams, and any blockage in the microchannel caused bead aggregations that had a severe impact on the aptamer purity and recovery. Thus, very careful tuning of the device under microscopy was necessary to reach a high partition efficiency and recovery of bead-bound aptamers.
To address this problem, we have developed an improved microfluidic separation device: the micromagnetic separation (MMS) chip, which allows reproducible molecular separation with very high recovery of beads (i.e., ∼99.5%), and enables exceptionally high partition efficiencies (PE ∼10 6 ) without any tuning or optimization. Practically, it is important to note that the MMS offers significantly more robust and facile operation compared to the CMACS device; this device is relatively immune to microbubbles and allows a wide range of flow rates without the requirement of microscopy. Using the MMS device, we report here the first work to demonstrate both positive and negative selection in a microfluidic device for rapid isolation of aptamers with high affinity and specificity. As a model, we used streptavidin, a widely used protein for bioconjugation, as the target. In comparison to conventional magnetic separation methods, we show that aptamers with higher affinities can be isolated after significantly fewer rounds of selection using the MMS system.
EXPERIMENTAL SECTION
Reagents and Instruments. Streptavidin (SA), bovine serum albumin (BSA), N-hydroxysuccinimide (NHS), and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) were purchased from Sigma-Aldrich, Inc. (Saint Louis, MO) and used without further purification. The DNA library, unlabeled and labeled PCR primers (see Supporting Information, Table S1 ) were synthesized and purified by Integrated DNA Technologies (Coralville, IA). Each DNA library component consists of a central random region of 60 bases flanked by two specific 20-base sequences that function as primer-binding sites for PCR. HotStar Master Mix and water for PCR were purchased from Qiagen Inc. (Hilden, Germany). The magnetic beads, including Dynabeads MyOne C1 SA-coated beads (for streptavidin positive selection) and M-270 carboxylic acid-coated beads (for BSA negative selection), were purchased from Invitrogen (Carlsbad, CA). Fluorescence measurements were performed in black 96-well microplates (Microfluor 2, Thermo Scientific, Waltham, MA) using a microplate reader (Tecan, San Jose, CA), and surface plasmon resonance (SPR) measurements were performed on a BIAcore 3000 instrument (GE Healthcare, Waukesha, WI). Real-time PCR equipment (IQ5, Bio-Rad, Hercules, CA) was used to measure the single-stranded (ss) DNA concentrations. The HBS-EP buffer (10 mM HEPES, pH 7.4, including 150 mM NaCl, 3 mM EDTA, and 0.005% (v/v) P20 surfactant) was used for the immobilization of the protein onto the SPR sensor chip. The binding buffer (20 mM Tris-HCl, pH 7.6, including 150 mM NaCl, 2 mM MgCl 2 , 5 mM KCl, 1 mM CaCl 2 , and 0.02% Tween 20) was used for SA aptamer selection.
MMS Chip Fabrication. The MMS device ( Figure 1A ) was fabricated on borosilicate glass substrates with 25 µm-thick doublecoated tape (9019, 3M, St. Paul, MN). The micropattern was defined on the bottom glass substrate with 20 nm-thick titanium and 200 nm-thick nickel films using standard photolithography methods ( Figure 1B , step a). Pitch distances of 200, 100, and 50 µm were used in the nickel grid pattern to provide increasing grid density. Fluidic vias were drilled through the glass substrates using a computer-controlled CNC mill (Flashcut CNC, San Carlos, CA) and diamond bit (Triple Ripple, Abrasive Technology, Lewis Center, OH) ( Figure 1B , step b). The Ti/Ni layer was passivated with a 100 nm-thick layer of SiO 2 by plasma-enhanced chemical vapor deposition (Plasma-Therm, St. Petersburg, FL) after cleaning with acetone. Microfluidic channels were cut out of the 25 µm-thick double-sided tape using a plotting cutter (CE5000-60, Graphtec, Santa Ana, CA) ( Figure 1B , step c). The patterned tape was overlaid onto the top glass substrate manually ( Figure 1B , step d). The channel and micropattern were then manually aligned, and the device was cured in an oven at 65°C for 1 h with light clamping pressure ( Figure 1B , step e). A brass eyelet was used as the buffer inlet, and Tygon tubing (S-54-HL, Saint Gobain, Valley Forge, PA) was used for the sample inlet and outlet fluidic connections. All connections were glued in place using 5 min epoxy (Devcon, Danvers, MA). The external magnets consisted of two 1 / 2 in. × 1 / 4 in.× 1 / 16 in. thick neodymium magnets (grade N42, K&J Magnetics, Jamison, PA). A 1 / 16 in. cubic permanent magnet was placed on top of the chip to fix the function magnets.
Characterization of the MMS Separation. The recovery of magnetic beads in the MMS chip was measured by the fluorescence-labeled magnetic beads. A volume of 10 µL of stock MyOne C1 SA-coated beads (10 8 beads) with 2.5 µL of biotin-phycoerythrin (PE) conjugate (4 mg/mL as stock concentration, Invitrogen) were incubated at room temperature for 30 min. After incubation, the biotin-PE conjugated beads were washed 3 times with 1× PBS (11.9 mM sodium phosphates, pH 7.5, including 137 mM NaCl, 2.7 mM KCl) with 0.1% Tween 20 and the unbound molecules supernatant was removed in a magnetic particle concentrator separator (MPC, Invitrogen). The labeled beads were then diluted 10 2 -(10 7 in 100 µL), 10 3 -(10 6 in 100 µL), or 2 × 10 3 -fold (5 × 10 5 in 100 µL) for recovery experiments. A volume of 100 µL of these diluted magnetic beads were loaded into the MMS chip and separated under standard operating conditions (i.e., sample flow rate ) 10.8 mL/h, buffer flow rate ) 3 mL/h). The number of magnetic beads before and after MMS separation was determined using a fluorescence activated cell sorter (FACSAria, BD Biosciences, San Jose, CA), and each concentration was independently measured three times.
To measure the effectiveness of microfluidic washing in the MMS chip, a mixture containing a random DNA library and MyOne C1 SA-coated magnetic beads was loaded into the MMS chip under the same conditions described above. The wash buffer was then continuously flowed over the trapped beads in the MMS chip. Consecutive 500 µL fractions (six samples total) were collected at the outlet, and the initial copy number of DNA molecules in each sample was determined using real-time PCR. The real-time PCR reactions were conducted in 20 µL volume with three replicates for each sample using iQ SYBR green supermix (Bio-Rad) and PCR primers at 500 nM.
Affinity Measurements of Selected Aptamers. The average dissociation constant (K d ) of the selected aptamer pool was measured via a fluorescence binding assay. 25 Briefly, the Alexa488-labeled aptamers were diluted to several different concentrations (from 0 to 200 nM) in 80 µL of the binding buffer; these dilutions were heated to 95°C for 10 min and rapidly cooled down to 0°C in an ice bath and then incubated for another 10 min at room temperature. Subsequently, the heat-treated aptamer solutions were incubated with 1.5 × 10 8 SA-coated beads at room temperature for 1 h in a total volume of 80 µL. After this incubation, these magnetic beads were washed five times with the binding buffer and the unbound aptamers were removed with an MPC separator. The bound aptamers were then released into 160 µL of the binding buffer by heating the aptamer-bound beads at 95°C for 10 min with shaking. The amount of the released aptamers was determined by fluorescence measurement (λ Ex ) 488 nm, λ Em ) 519 nm) and the dissociation constants (K d ) were calculated from the calibrated curve fitting.
Cloning and Sequencing of Selected Aptamers. PCR products were amplified with unlabeled primers at the optimized cycle number, purified with the MiniElute PCR Purification Kit (Qiagen), and cloned using the TOPO TA Cloning Kit (Invitrogen). A total of 50 colonies were randomly picked and sequenced at Genewiz Inc. (South Plainfield, NJ). The sequences were then analyzed and aligned with Vector NTI Explorer software (Invitrogen). Six representative aptamer sequences from corresponding colonies were amplified with biotinylated reverse primers and Alexa488-labeled forward primers for their fluorescence affinity measurements.
RESULTS AND DISCUSSION
MMS-Based Microfluidic Selection. The microfluidic selection process begins with the incubation of 1 nmol of the random ssDNA library (∼10 14 molecules) with target proteins conjugated to magnetic beads (Figure 2A ). To ensure highly stringent selection conditions, the molar ratio between the ssDNA and target protein is maintained at ∼100:1 by using a small number of magnetic beads (10 6 beads total) coated with a controlled amount of SA (∼10 6 molecules/ bead), as described in our previous work. 24 After incubation, the partitioning step to separate the target-bound aptamers from the unbound oligos is performed in the MMS chip ( Figure 2B ). The separation is performed at flow rates of 10.8 (sample) and 3 mL/h (buffer). During this step, the microfabricated nickel grids are magnetized with external magnets, efficiently trapping bead-bound aptamers. Stringent washing conditions then are imposed in the microchannel by applying a higher buffer flow rate (20 mL/h) to continuously elute weakly-and unbound oligos from the device. After the separation, the external magnets are removed, and the beads carrying the selected aptamers are released from the device. The entire separation process (trapping, washing, and bead elution) only requires ∼5 min. Finally, the selected aptamers are amplified via PCR using a biotinylated reverse primer and an Alexa 488-labeled forward primer ( Figure 2C ). For each round of selection, we chose the optimal PCR cycle number via a "pilot PCR" process 24, 26 to eliminate any undesired PCR products. We then generated Alexa 488-labeled ssDNA from the amplified double-stranded PCR product ( Figure 2D ), and measured the DNA concentration via UV-vis absorption. We performed three rounds of positive selection (Figure 2A-D) to increase the affinity of the selected aptamer pool to SA. In order to raise the specificity of selected aptamers, we also performed an additional round of negative selection in the MMS device against BSA, the most abundant blood protein. We coupled BSA to carboxylic-coated magnetic beads through a modified EDC-NHS coupling process, 27 and the aptamer pool was incubated with the BSA-coated beads at a 1:1 molar ratio ([BSA]/[DNA]) ( Figure  2E,F) . Finally, the selected aptamer pool was cloned into E. coli and sequenced ( Figure 2G) .
Micromagnetic Separation. The MMS device offers significant advantages over conventional magnetic separation apparatus (e.g., magnetic columns) because it enables precise control over the hydrodynamic and magnetophoretic forces within the microchannel. The lithographically patterned nickel microstructures on the bottom glass layer are a key component of the device; because of the large difference in relative magnetic permeabilities between nickel and the buffer medium (µ r,nickel ) 200, µ r,buffer ∼1), the placement of external magnets on the chip results in the automatic and reproducible generation of large magnetic field gradients (∇B), 28 which cause the magnetic beads to be efficiently trapped at the edges of the pattern, where the gradient is the largest ( Figure 3A) . We calculated the magnitude of ∇B to be ∼10 4 T/m, and the resulting magnetophoretic force The partition efficiency of the MMS chip was quantified by measuring the initial copy number of eluted ssDNA as a function of washing time. We found that virtually all weakly-and unbound ssDNAs were eluted within 3 min ( Figure 3B ), and the resulting partition efficiency is ∼10
6 . This is comparable to that of the previously reported CMACS device; 24 however, we note that the operation of the MMS device is significantly more reproducible and robust and does not require tuning. Furthermore, we found that the MMS device allows efficient manipulation of a very small number of beads (<10 6 ) without loss; upon measuring the number of beads before and after MMS separation via flow cytometry, we found that almost all of the beads loaded in the device were successfully recovered (recovery ) 99.5%). In contrast, the recovery in CMACS is typically ∼50% (see Supporting Information, Figure S1 ). Finally, the MMS device allows molecular separation at a significantly higher volumetric throughput. Typical sample flow rate in the MMS chip is 10.8 mL/h, approximately an order of magnitude higher than that of the CMACS device, significantly decreasing the separation time (see Supporting Information, Figure S2 ).
Affinity and Specificity of Selected Aptamers. We performed three rounds of positive selection (Figure 2A-D) to select aptamers with strong SA affinity and measured the affinity of the enriched aptamer pool from each round via fluorescence assay.
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As expected, the initial random library showed negligible binding affinity to SA target ( Figure 4A , brown (). For the first round of selection, DNA-target binding was performed at room temperature, and we used the highly competitive binding condition during the incubation step, as described in our previous work. 24 More specifically, the molar ratio between the ssDNA and target protein was maintained at ∼100:1 by using a small number of magnetic beads (10 6 beads total) coated with a controlled amount of SA (∼10 6 molecules/bead). The resulting dissociation constant (K d ) of the enriched aptamer pool was 94 ± 10 nM ( Figure 4A , black 9). As reported by Romaniuk's work, 30 because of the fact that the entropic contribution is significant in the formation of DNA-protein complexes, selection at elevated temperatures often leads to aptamers with higher affinities. Thus, during the second and third rounds of selection, a higher incubation temperature (37°C) was used to increase the binding stringency between target protein and aptamers. The resulting aptamer pool yielded K d of 62 ± 5 nM after the second round ( Figure 4A , pink b) and 33 ± 5 nM after the third round of selection ( Figure 4A , blue 2). Next, in order to further increase the specificity of the selected aptamers, we performed a single round of negative selection against BSA ( Figure 2E,F) . In contrast to our positive selection, which used 10 6 SA-coated beads, we used 10 8 beads, with 10 6 BSA molecules per bead, to efficiently deplete the aptamers that bind to BSA from the enriched pool. After a single round of negative selection, the affinity of the enriched aptamer pool was slightly increased for SA (K d ) of 30 ± 5 nM, Figure 4B , blue 9) while the affinity for BSA was decreased by a factor of 5 ( Figure 4B , prenegative selection (red b), postnegative selection (green 2). Although we only used BSA in our negative selection, the methodology is general and virtually any target or combination of targets can be used for the negative selection. The sequence alignment revealed that the selected aptamers fell into six groups after cloning and sequencing. One representa- a The enriched aptamer pool was cloned into E. coli, and 50 colonies were randomly picked for sequencing. Sequence alignment revealed six consensus sequence groups, and one representative sequence from each group was synthesized and its affinity was measured via fluorescence. All sequences exhibited high affinity for streptavidin, and their K d ranged from 25 to 65 nM. tive sequence from each group was synthesized, and their K d were measured with fluorescence. The values of affinities ranged from 25 (clone 10) to 65 nM (clone 24) (Table 1) , which is consistent with the value obtained with the enriched aptamer pool. In addition, SPR was used to further verify the specific binding of clone 10 to streptavidin and the negligible binding to BSA (see Supporting Information, Figure S3 ).
CONCLUSIONS
In this work, we demonstrate the first use of microfluidics technology for highly efficient positive and negative selection of aptamers, such that both affinity and specificity can be rapidly matured in a single separation device. The MMS microfluidic device offers significant improvements over the CMACS device, which was previously used for microfluidic aptamer selection. 24 By integrating ferromagnetic materials within the microchannel, we were able to accurately control the hydrodynamic and magnetophoretic trapping forces, which enabled the use of small numbers of beads and target molecules with minimal loss and resulted in high molecular partition efficiencies. Because the MMS chip allows separations at relatively high flow rates (>10 mL/h), the entire process of trapping, washing, and release can be performed within 5 min. It is noteworthy that our microfluidic selection is significantly more efficient than conventional magnetic separation methods; for example, Stoltenburg and co-workers 25 selected DNA aptamers for streptavidin in 13 rounds using a conventional magnetic column, yielding DNA molecules with K d values of ∼56-86 nM. In contrast, using the MMS device, we isolated aptamers with K d values ranging from 25 to 65 nM in 3 rounds.
Importantly, since the magnetophoretic force is unaffected by many useful selection parameters, including buffer composition, salinity, pH, and temperature, we believe our platform can be readily adapted to impose multiple selection pressures such that aptamers can be isolated for specific, desired properties. Finally, given that a wide variety of coupling chemistries are available, 29 we believe our method can be extended to many different types of molecular targets (e.g., small molecules, proteins, cell-surface markers, and inorganic materials) as well as different classes of molecular libraries.
